Antibiotic-resistant microorganisms causing a life-threatening infection pose a serious challenge for modern science. The rapidly growing number of incidents for which the use of standard antibiotics is ineffective forces us to develop new alternative methods of killing microorganisms. Antimicrobial proteins and peptides (AMPs) can be promising candidates to solve this problem. Colicin-M is one of the representatives of this group and is naturally produced by Escherichia coli acting on other closely related bacterial strains by disrupting their outer cell membrane. This bacteriocin has huge potential as a potent antimicrobial agent, especially, since it was recognized by the FDA as safe. In this work, we present the expression of colicin M in model transgenic Nicotiana tabacum L. plants. We demonstrate that purified colicin retains its antibacterial activity against the control Escherichia coli strains and clinical isolates of Escherichia coli and Klebsiella pneumoniae. Our results also show that plant-derived ColM is not toxic for L929 and HeLa cell line, which allows us to suppose that plant-based expression could be an alternative production method of such important proteins.
Introduction
In the twentieth century, antibiotics fundamentally changed the way of dealing with bacterial infections. Soon after Alexander Fleming's discovery of penicillin in 1928, antibiotics quickly dominated the pharmaceuticals market. However, together with the beginning of the twenty-first century, voices reporting the end of the antibiotics era became more prevalent (Kåhrström 2013; Fowler et al. 2014) . Currently, pathogens resistant to a number of antibiotics are known to lead to serious health complications, including death (World Health Organization 2014). Outbreaks of pan-resistant bacteria have started to be reported around the globe (Molton et al. 2013; Jones et al. 2017) . Alarmingly, the gene of resistance to colistin, a last-resort antibiotic against resistant E. coli, has been found both in meat samples and in human infections, not only in China but also in India, and is reported to move freely between bacteria (Liu et al. 2016; Paveenkittiporn et al. 2017; Chen et al. 2017) . The situation is difficult given the fact that a similar problem occurred in case of the fast spread of resistance to carbapenems, a previous last-resort antibiotic, which now are reported to 1 3 be not active in 50% of Enterobacteriaceae infection cases (Nordmann et al. 2011) .
Antibiotics have played an important role in livestock production, although their overuse was, and in many cases still is, one of the major risks for antibiotic resistance developing in bacteria. Excessive exploitation of antibiotics in farms led to the contamination of soil and water resources. Bacteria exposed to continuous selective pressure of antibiotic reservoirs in the environment are inclined to develop antibiotic resistance genes (Woolhouse et al. 2015) . The threat of developing bacterial resistance to antibiotics has pushed governments to limit their usage in feed and led scientists to search for new solutions against pathogens. In the last few years alone, restrictions on antibiotic usage in agriculture have been implemented in both USA and EU law (Pugh 2002) . Moreover, it is unlikely that such a reduction will eliminate already present genes of resistance, due to the fact that bacteria tend to keep plasmids with those genes, even without the presence of a drug (Ridenhour et al. 2017) .
For these reasons, antibiotics should be limited where possible to keep them for effective usage for humans. During the last decade, alternatives to antibiotic treatment and the prevention of bacterial infections have become one of the most popular and urgent scientific topics. Antibiotic substances of natural origin are currently the focus of researchers' interests. Proteins and peptides with antimicrobial activity constitute one of the alternatives (Fox 2013) . Antimicrobial proteins (AMPs) are a wide group of molecules naturally occurring in almost every living organism. They are present in humans, animals, insects, plants, fungi and bacteria (Bahar and Ren 2013) . What is important in terms of resistance safety is that their durability in the environment is shorter than that of antibiotics, due to the easy degradation of peptides. AMPs are usually quite small (15-50 amino acids) and they possess a positive charge, which helps with binding to the negatively charged bacterial membrane, as those proteins contribute to an organism's very first defensive mechanism. Bacterial AMPs and bacteriocins in particular have interesting properties. They act in low concentrations and are highly selective, which means that using specific bacteriocin will kill only few bacterial species (Drider et al. 2016) . In contrast to antibiotics, using bacteriocins as antimicrobial drugs would not pose a danger of gut microbial imbalance due to killing commensal and beneficial bacteria (Cavera et al. 2015) . Those characteristics make bacterial AMPs highly useful targets for pharmaceutical use both for humans and animals, as well as preservatives for food and feed (Ahmad et al. 2017; Cleveland et al. 2001) . Obtaining bacteriocins from strains with potential pathogenicity most often requires the use of genetic engineering methods, which involve transferring the bacteriocin gene sequence to a non-pathogenic strain or another host (Arthur et al. 2014 ).
Plant-derived platforms are expected to be featured in such production (Ghequire and De Mot 2017) . Tremendously diverse recombinant proteins have already been produced in plants (Sack et al. 2015) . Reasons for the popularity of using plants for recombinant protein production include low costs of production and safety. Bearing in mind the application of antimicrobial peptides and proteins, genetically modified (GM) plants can be the platform of choice for their expression. Research shows that it is possible to successfully express a wide variety of antimicrobial proteins in plants, starting from those which can protect crops against bacteria (Lee et al. 2017) , but also those which can be subsequently used as biopharmaceuticals with or without a later purification step (Paškevičius et al. 2017; Company et al. 2014) . Recombinant protein production in edible plants or those used as an animal feed gives a possibility of cutting the costs of product extraction and purification. Those processes, called the downstream phase, are the most expensive part of recombinant protein production (Łojewska et al. 2016) . In turn, the production of recombinant bacteriocin in plants possessing natural antimicrobial activity provides an opportunity to double the benefits of the product, as well as the production platform. However, non-food or non-feed plants are considered the safest models for the production of recombinant proteins due to reasons such as the low risk of contamination of human food plants (Ellstrand 2003) .
Nicotiana tabacum is a model plant for molecular farming due to its fast growth, and well understood genetic and metabolic processes. Tobacco has been considered a good choice for producing proteins with applications in different industries, as its possibilities for expressing a high yield of recombinant proteins are an uncontested advantage. However, transient expression of Nicotiana tabacum is efficient for small, laboratory amounts of protein, and stable expression of recombinant proteins is required for the mass production of pharmaceuticals and for commercialization, which is currently one of the main obstacles in recombinant protein plant platforms (Sabalza et al. 2014 ). However, the possibility of obtaining bacteriocins in Nicotiana benthamiana plants has been confirmed mainly by transient expression (Paškevičius et al. 2017 ) and in a stable way by inducible expression (Schulz et al. 2015) . In this work, the possibility of producing effective antimicrobial recombinant colicin M protein by constitutive expression in Nicotiana tabacum plants is confirmed for the first time.
Materials and methods

Plant expression vector construction and Escherichia coli transformation
Construction of plant expression vector and E. coli transformation are described in Supplementary information (Figures S1 , S2). The recombinant plasmid was isolated from transformed E. coli using the alkaline lysis method (Bimboim and Doly 1979) .
Agrobacterium rhizogenes transformation
Recombinant pCAMBIA 1305.1-colM plasmid (500 ng) was used for the transformation of 500 μL of competent cells of the Agrobacterium tumefaciens strain LBA4404 (at OD600 = 1) using the freeze-thaw method (Jyothishwaran et al. 2007) . One milliliter of liquid YEP medium was added, and the cells were incubated by shaking at 28 °C in the dark for 3 h. Then, the transformed bacteria were dispersed on YEP agar plates containing kanamycin (50 mg/L), rifampicin (100 mg/L) and streptomycin (50 mg/L). Following this, they were incubated at 28 °C in the dark for 48 h. Colonies were confirmed to be transformed using PCR and by digestion of the extracted plasmid.
Plant transformation
The ColM coding gene (cma) was introduced into Nicotiana tabacum W-38 genome via Agrobacterium-mediated transformation. Nicotiana tabacum healthy and fully expanded leaves from in vitro cultures were used for this purpose. Leaf explants of 1-2 cm 2 were co-cultured on solid MS medium (Murashige and Skoog 1962) at 26 °C in the dark for 4 days with 100 µL of A. tumefaciens LBA4404 (with and without recombinant plasmid) that had been grown 24 h (to OD600 nm = 0.5). After four days, the explants were transferred to a fresh MS 0.8% agar-solidified medium supplemented with 0.1 mg/L NAA, 1 mg/L BAP, 500 mg/L of Biotaksym (cefotaxime) and 25 mg/L of hygromycin B and were maintained at 26 °C in the light (16 h daylight per day) for one month (subcultured every 2 weeks). When new shoots started to appear, they were excised and transferred to sterile glass containers with a solid MS medium and antibiotics as mentioned above. The plants were subcultured every 3 weeks on a fresh MS medium.
DNA and RNA extraction and cDNA synthesis
For each tobacco plant line, 50 mg of tissue from the upper leaf was selected via a 1 cm diameter cork borer to isolate genomic DNA. Three leaf discs from different leaves were collected from each transgenic plant line. First, the tissue was ground under liquid nitrogen and then 500 µL of CTAB isolation buffer (2% hexadecyltrimethylammonium bromide, 1.4 M NaCl, 0.2% β2-ME, 20 mM EDTA, 100 mM Tris-HCl, pH 8) was added and mixed again, then it was transferred to a 1.5-ml microcentrifuge tube. The sample was incubated at 60 °C for 15 min and after that 500 µL of chloroform/isoamyl alcohol (24:1 v/v) was added to each sample. The samples were vortexed briefly, incubated for 1 h in 4 °C and then centrifuged for 10 min at 14,000 rpm in 4 °C. The supernatant was transferred to a new 1.5-ml microcentrifuge tube, 300 μl ice-cold isopropanol was added to the tube, and the tube was inverted 5 times to precipitate the nucleic acid. The sample was centrifuged at 14,000 rpm for 10 min in a microcentrifuge, and the supernatant was discarded. The pellet was dried for 2 h and then resuspended in 100 μl of 10 mg Ribonuclease A (Sigma R642) in 10 mM Tris, pH 8.0, 1 mM EDTA (TE/ RNase A buffer) (Tamari et al. 2013) . Total RNA from the leaves of the transformed plants was isolated using a Plant RNA Mini Kit (Syngene, Poland) from 50 mg of the upper leaves selected via a 1 cm diameter cork borer. Three leaf discs from different leaves were collected from each transgenic plant. The procedure was conducted according to the manufacturer's recommendations. The quality and quantity of the RNA samples were measured spectrophotometrically by acquired absorbance at a wavelength of 260 nm (A260) and 280 nm (A280) using a p300 Nanophotometer (Implen, Germany). The A260/A280 ratio was higher than 1.8 for all the samples. Then, 1 ng of RNA was used to synthesize the first strand of cDNA using a TranScriba Kit (A&A Biotechnology, Poland), all in accordance with the producer's recommendations, except for scaling down the reaction mixture to 10 μl. Quantitative real-time PCR was conducted in a CFX96 Real-Time PCR Detection System (Bio-Rad Laboratories, USA) as follows: 10 μl of the mix contained 1 μl of cDNA, 0.313 μM of each primer and 5 μl of Power SYBR Green PCR Master Mix (Thermo Fisher Scientific, USA); 10 min of initial denaturation at 95 °C, then 40 cycles of 30 s at 95 C, 60 s at primers' annealing temperature (Tm). Each reaction was done in triplicate. Elongation factor 1α (EF-1α) was used as a reference gene, as it was previously established as a stable internal reference gene (Schmidt and Delaney 2010) . Relative expression of cma was calculated using the equation 2 −ΔCt , where ΔCt is the threshold cycle (Ct) values for the target gene minus Ct values obtained for EF-1α. Details of primers Tm and the sequence are presented in supplementary materials ( Table 2) .
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Extraction of total proteins
The total soluble protein of six transgenic leaf samples (0.5 g) was extracted using the phenol extraction method (Isaacson et al. 2006 ). The samples were collected via a 1 cm diameter cork borer from different leaves. The resulting protein powder was suspended in 50 µL of PBS buffer. The amount of total soluble protein (TSP) extracted was determined using the modified Bradford method (Bradford 1976 ).
SDS-PAGE analysis
The total soluble proteins extracted from the transgenic and non-transgenic plants were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using a 13% resolving polyacrylamide gel. Each sample contained loading buffer (250 mM Tris-HCl, pH 6.8, 8% SDS, 30% glycerol, 5% β-mercapto-ethanol and 0.04% bromophenol blue) and was heated to 95 °C for 5 min before loading onto the gel. Following electrophoresis, the gel was stained using Colloidal Coomassie G-250 Staining (Dyballa and Metzger 2009 ).
Western blot analysis
The total proteins extracted from the transgenic and nontransgenic plants were separated by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) using a 13% resolving polyacrylamide gel under reducing conditions and then wet transferred to a PVDF membrane (Bio-Rad) in accordance with the manufacturer's instructions. Next, the transfer membrane was blocked by a TBS buffer with 3% BSA for 1 h. Following this, the membrane was incubated with a rabbit anti-histag antibody (GeneTex, USA) conjugated with horseradish peroxidase (HRP) in a concentration of 0.1 μg/ mL for 4 h. Finally, the membrane was washed 3 times in TBS-Tween 20 and the antibody bound to the protein was detected using 3, 3′-Diaminobenzidine (DAB) (Thermo Fischer Scientific) staining, in accordance with the manufacturer's protocol.
Protein purification under native conditions
Purification of the recombinant protein was performed using the HIS-Select® Nickel Affinity Gel (Sigma-Aldrich), according to the manufacturer's protocol for native conditions column chromatography. Histidine containing colicin M was eluted from the column using 5 column volumes of Elution Buffer and concentrated on protein concentrator spin columns Vivaspin 6 (GE Healthcare) and finally dissolved in PBS buffer. Before the microbiological tests, protein solution was filtrated through 0.2 µm cellulose acetate membrane syringe filters (GE Healthcare). The protein concentration after purification was measured with the Easy Protein Assay Reagent for Bradford method (Profoldin) and a microplate reader PowerWave HT (BioTek). The maximum expression level of colicin M was 2 µg/g FW.
Biological activity
Microbial strains
Microbiological studies were conducted on a set of reference Escherichia coli strains (E. coli ATCC 25,922, NCTC 8196, DH5-α, GM, NM) and Pseudomonas aeruginosa NCTC 6749. The strains were stored in Microbank systems (Biocorp, Poland) in cryopreservation media in a freezer at − 80 °C. Each strain was revived from the Microbank system on a proliferating medium, Columbia agar (Becton Dickinson, USA), under aerobic conditions at 37 °C. After the first 18-h cultivation, the next 18-h bacterial culture was done on a new medium plate to obtain reproducibility of the method. Each experiment was performed from the same, second recultivation. Studies were also conducted on E. coli and K. pneumoniae clinical strains (n = 6) (Department of Microbiology and Laboratory Medical Immunology, Medical University of Lodz, Poland) (detailed characteristics of tested clinical straits-Supplementary material, Tables 3, 4 ). The species were identified on the basis of biochemical characteristics and drug susceptibility testing performed by BD Phoenix™ (PX 1902, Becton Dickinson, USA) automatic microbiological system. The findings were verified and were consistent with EUCAST system expert rules. The bacterial colonies harvested from the medium were used to obtain a suspension in McFarland standard 0.5 in sterilebuffered saline. The effect of recombinant colicin M was assessed on a bacterial suspension.
Antibacterial activity assay
The minimal inhibitory concentration (MIC) was determined using a microdilution method on 96-well microplates, according to EUCAST guidelines ISO 20,776-1. In this procedure, 100 µl of recommended Mueller-Hinton broth (BioMerieux, France) with a series of twofold dilutions of colicin M ranging from 250 to 0.49 µg/ml was inoculated with 5 µl of a microbial suspension with a final cell number concentration of approximately 5 × 10 5 CFU/ ml in each well. The recombinant colicin M used for this assay was dissolved in 1× PBS. For all experiments, a positive control consisting of broth without colicin and a negative control consisting of broth without bacteria were prepared. The MIC values were evaluated after 18 h incubation at 37 • C under aerobic conditions and optical density (OD 600 ) was measured. Subsequently, the minimal bactericidal concentration (MBC) was determined by plating out the contents of those wells that showed no visible growth of bacteria onto colicin M-free Mueller-Hinton agar. The MBC values were evaluated after 18 h incubation at 35 ˚C under aerobic conditions and they were defined as the lowest concentrations of colicin that resulted in a > 99.9% reduction in CFU. All evaluations were performed in triplicates.
Cell viability assay
The cytotoxic effect of recombinant colicin M on murine fibroblast L929 cells (ATTC® -CCL-1, mouse fibroblasts) and human tumor HeLa cells (ATTC® -CCL-2™, human epithelial cells) was detected by determining the cellular viability using MTT reduction assay. 100 μl of cells was plated in 96-well microplates at a density of 1 × 10 4 cells/ ml and were cultivated in Iscove's modified Dulbecco's medium (IMDM) supplemented with 10% fetal bovine serum (FBS), 100 U/ml of penicillin and 100 μg/ml of streptomycin. The cell cultures were incubated at 37 °C in a humidified atmosphere with 10% CO 2 . After overnight incubation, the growth medium was removed and 100 μl of the medium with twofold dilutions of colicin ranging from 125 to 1.95 µg/ml was added. The recombinant protein used in this study was dissolved in PBS, which had no influence on cell viability. After 24 h incubation, the medium was removed and MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) was added to each well at a final concentration of 0.5 mg/ml and plates were incubated for the next 2 h at 37 °C, 10% CO 2 . Then, formazan crystals were solubilized in 150 μl DMSO and optical density was measured at 570 nm. The results of the experiments were presented as mean arithmetic values from 3 repeats in each of two independent experiments and the percentage of viability compared to the untreated control was calculated for each concentration of the protein tested. All statistics were calculated with Prism GraphPad 7 software using Two way ANOVA. A P value of < 0.05 was considered significant.
Results
Molecular characterization of the transgenic plants
Initially, genomic DNA was isolated from transgenic ( Fig. 1) and control tobacco plants to analyze the presence of a colicin M coding sequence at the genomic level by the PCR amplification using primers specific for colicin. The results indicate that the expression cassette consisting of CDR for colicin M was present in the genome of transgenic plants. An 813-bp product was amplified in transgenic lines, while in the DNA of the control plants, no amplification product was detected (Fig. 2) .
RT-PCR analysis was used to evaluate transgenic plants for the expression of colicin M gene at the transcript level. Variable levels of colicin M expression were observed in different transgenic plant lines (Fig. 3) . The transgenic plant lines with the highest expression of colicin M mRNA were chosen for further SDS-PAGE and Western blot analysis.
Total protein extracts were separated on SDS-PAGE (Fig. 4) . As shown in Figs. 5 and 6, colicin M expression by transgenic plants (before and after purification) was seen as a single band on the Western blot. The molecular mass of protein was approximately 29 kDa, which is consistent with the molecular mass of the colicin M protein.
Biological activity of recombinant colicin M
The purified recombinant colicin M was tested for its antimicrobial activity against a set of control E. coli strains and one P. aeruginosa strain. The in vitro antimicrobial activity of the protein at concentrations ranging from 0.49 to 250 μg/ ml was screened using the microdilution method. The results showed that the majority of control E. coli strains, except for the GM strain, were sensitive to colicin M, but it was inactive against P. aeruginosa in the concentrations analyzed. The protein tested was the most active against E. coli DH5α, ATCC 25,922 and NM522 with MIC values ranging from 3.9 to 7.8 µg/ml. Considering good antibacterial activity against the control E. coli strains, we decided to determine the antimicrobial effect of colicin M against six The recombinant colicin M was active against all the clinical strains tested. The most sensitive were two E. coli ESBL-strains and one K. pneumoniae strain (marked as 5) with MIC values ranging from 15.6 to 31.25 µg/ml. Our results prove that colicin M not only inhibits the growth of the clinical strains tested, but in higher concentrations it has bactericidal activity. It is assumed that highly active antibacterial compounds have a bactericidal activity ratio MBC/MIC ≤ 4. In our results, the MBC/MIC ratio for all clinical strains except one E. coli (marked as 3) was 2 or 3, respectively. The in vitro results of antibacterial activity of colicin M are presented in Table 1 as a minimal inhibitory concentration (MIC) and a minimal bactericidal concentration (MBC).
While searching for a new antibacterial compound and considering its potential medical application it is necessary to evaluate its safety for mammalian cell lines. The cytotoxic activity of recombinant colicin M was assessed using L929 murine cell line (recommended by the International Standard ISO 10,993:2009 for evaluation of cytotoxic activities), as well as HeLa human tumor cell line. The percentage of viability inhibition compared to the negative control was estimated for concentrations ranging from 1.95 to 125 µg/ mL of the protein. Our results demonstrated that colicin M is not toxic to either of the cell lines in the concentrations analyzed corresponding to the MIC values (IC 50 > 125 µg/ ml). The HeLa cells seemed to be little more sensitive to colicin than L929 cells. The in vitro results of the viability assay are presented in Fig. 7 .
Discussion
The production of antibacterial proteins and peptides in plant expression systems is an idea undertaken by many research teams all over the world. Concept of plant made vaccines and antimicrobial proteins is well described in scientific literature (Chen et al. 2018) . For this purpose, vaccine antigens have been expressed in many well-known edible plants such as: potato, tomato, lettuce, rice, carrot, soybean, corn, papaya, quinoa, banana, peas or apple (Concha et al. 2017; Sartaj Sohrab et al. 2017; Criscuolo et al. 2019) . So, far, in this way it has been possible to obtain such antimicrobial proteins and peptides as human lactoferrin, cecropin A or LFchimera peptide (Mitra and Zhang 1994; Chong and Langridge 2000; Bundó et al., 2014; Chahardoli et al. 2018) . Currently, there is considerable interest in the expression of bacteriocins in plant cells. Recent research shows that this group of proteins seems to have a unique potential especially as a viable alternative to antibiotics or new food processing aids (Hahn-Löbmann et al. 2019; Olishevska et al. 2019; Schneider et al. 2018; Paškevičius et al. 2017) . Moreover colicin-like bacteriocins in plants could mediate resistance to bacteria in plants, however this has yet to be unveiled (Li et al. 2019 ). In this study, stable expression of functionally active bacteriocin-colicin M is described for the first time in Nicotiana tabacum L. plants. We confirmed the presence of the transgene in the kanamycin-resistant plant genome of 6 plant lines (Fig. 2) . RT-PCR and Western blot were performed on previously selected transgenic plants to detect cma gene transcripts (Fig. 3 ) and the presence of colicin M in isolated proteins (Fig. 5 ). Yield of recombinant colicin per fresh weight tobacco leaves was up to 2 mg/g. Yield of recombinant protein should be as high as possible, however in plant stable expression yield is usually lower than in transient expression. This is the first report describing stable expression of colicin M in a plant expression system. What is important, stable expression has its main advantage, a very little time is required for upstream processing of plants, which makes whole process more economically effective and attractive for commercialization. Currently different approaches for increasing of recombinant protein yield in stably transformed plants have been described, although each one should be tested in regard to specific protein, plant species and cultivation conditions. Therefore our results suggest that further research on stable colicin M expression methodology could have promising effects and should be proceeded. These results indicate that antimicrobial bacterial protein can be successfully expressed in a plant-based expression system. This strategy has been evaluated as an efficient source of recombinant protein production, and N. tabacum in particular is also known as a well-characterized and efficient host in terms of antibacterial molecules (Zhu et al. 2017; Hehle et al. 2015) .
Colicins are a group of bacteriocins produced by Escherichia coli strains (Harkness and Braun 1989) . Among them colicin M has specific properties enabling its use as an effective antibacterial protein. It is the only known colicin which blocks the synthesis of bacterial cell wall polymer peptidoglycan. The molecular size of colicin M is about 29 kDa, which makes it one of the smallest among all known colicins. Its mechanism of action relies on hydrolyzing the phosphoester bond of the peptidoglycan lipid intermediate (Touzé et al. 2012) . This peptidoglycanase uses an FhuA receptor pathway to enter the susceptible cells (Kock et al. 1987) . Fewer than ten molecules of colicin M can kill a single bacterial cell, which makes it a very efficient drug (Pressler et al. 1986 ). This peptide is composed of three functional domains, where the C-domain is the microbiologically active site of the molecule (Zeth et al. 2008 ). Sub-inhibitory concentration of colicin M was proven to affect the gene expression patterns involved in cell motility, osmotic stress, bacterial cell envelope, genes related to the production of exopolysaccharides, and the CreBC resistance system (Kamenšek et al. 2013 ). According to previous research, colicin M has high potency against different pathogenic strains of E. coli, especially STEC (O 104:H4), which caused a deadly outbreak in Europe in 2011 (Rubino et al. 2011) . To date, the transient expression of colicin M has been described in tobacco, spinach and leafy beets (Schulz et al. 2015 ) (Stephan et al. 2017) .
In this work, we describe the antibacterial properties of IMAC purified plant-derived active colicin M with stable expression, which was tested on E. coli, P. aeruginosa and K. pneumoniae strains. These results indicate that recombinant colicin M reveals the strongest antimicrobial properties against E. coli DH5α, ATCC 25,922 and NM522 with MIC values ranging from 3.9 to 7.8 µg/ml, and a weaker influence on the NCTC strain (MIC = 31.25 µg/ml). Further studies have also shown the antibacterial activity against clinical isolates of E. coli and K. pneumoniae with MIC values from 15.6 to 125 µg/ml for E. coli and from 31.25 to 62.5 µg/ Fig. 7 Effect of colicin M on viability of L929 and HeLa cells displayed as percentage of cell survival compared with untreated control. A red line corresponds to the IC 30 value (70% of viability) which is considered as safe concentration for cells. No significant differences were observed (P > 0.05) No significant differences were observed (P > 0.05) ml for K. pneumoniae. On the other hand, the antibacterial activity of this colicin against E. coli 2166 and P. aeruginosa NCTC 6749 was not observed (Table 1) . The results of previous studies show that colicin M is active against selected Escherichia coli strains isolated from patients with urinary tract bacteraemia, inhibiting the growth of 43% of the 105 E. coli strains tested (Budič et al. 2011) .
Colicin M activity was also confirmed by El Ghachi et al. 2006 , who demonstrated its inhibitory effect on the growth of E. coli DH5α, which is consistent with our results. These authors also described the ability of His-tagged colM protein to degrade lipid I and lipid II peptidoglycan intermediates. What is important, colicin M is known to be highly active against 3 pathogenic strains of E. coli (O 157:H7; O 111:H8; O 26:H11) and moderately active against another 3 pathogens, all described in the "Big 7", a list of the most harmful serotypes of E. coli based on the Center for Disease Control and Prevention analysis (Schulz et al. 2015) .
In addition to antibacterial activity, our results also showed that plant-expressed colicin M has no toxicity over L929 and HeLa cell culture lines. L929 line is a good model system for pharmaceutical research and plays an important role in developing safer and more active drugs. Previous research shows that recombinant colicin M can be completely broken down in the human gastrointestinal tract by proteolytic enzymes and by detergents, which makes this molecule safe for gut microflora, as well as the environment (Schaller and Bodenmüller 1981; Schulz et al. 2015) . Peptides of colicin M degrade to fragments smaller than 3 kDa, which is the threshold for triggering an allergic reaction. Moreover, its structure is not homologous with any known food proteinaceous allergens. Plant-produced colicins have recently been accepted as generally safe by FDA (GRAS status) and permitted for use with food products.
In summary, the results available in the literature and our study findings show that recombinant colicin M derived from plants could become an interesting future candidate for commercial, pharmaceutical and agricultural use.
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